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ABSTRACT

A number of amine resins with an excess of amine
groups have been prepared and studied for their absorption
and desorptton of CO 2 in the gas phaso. Evaluations were
made of types of am' -s, r cled life in absorption and
desorption, and the effect of swelling agents including H20
on the efficiency of these amine resins It was found that a
swelling agent was necessary for measurable absorption to
take place, with water-swelled r" ins showing more
absorption than nonaqueous-sweiled resins. A water-
swelled amine resin cycled 1008 times through the abzorp-
tion and desorptlion of CO. from air containing 1-1/2 per-
cent CO2 showed no decrease in absorption efficiency on a
volhme basis, but there was a noticeable loss of amine
resin during this operation. The loss of K,0 durirg reacti-
vation of the resin maycause an engineering problem which
cannot be satisfactorily overcome in the practical applica-
tion of these resins for CO 2 removal in submarines.

PROBLEM STATUS

This is a preliminary report on this phase of the prob-
lem. Work has been suspetided on this phase for evaluation
of other method- - the

AUTHORIZATION

NRL Problem C08-05

Manuscript submitted August 29, 1957



REMOVAL OF COý FROM SUBMARINE ATMOSPHlERES BY AMINE RESINS

A FEASIBILITY STUDY

INTRODUCTION

Purno'e

rhis report covers work done on an interrupted basis during 1953-1955 as part of a
long-'ange program at NRL in the field of submarine air purification. Thoe purpose of
this phase was to investigate a new class of solid, heat-regenerative CO. absorbents
which had been suggested in the course of earlier work on selectively permeable mem-
branes. Because work has been suspended on this method of air purification, this report
was written to summarize the completed work (a) to permit consideration of thp idea by
others who may succeed in reaching more optimistic conclusions and (b) to avoid chtpl-
cation of effort elsewhere.

Background

Criteria for selecting CO. removal processes for submarines include power, volume,
weight, toxicity, and simplicity, with the relative importance assigned to each dependent on
the type of ship, tactical concepts, and policy. In general, there are two main types of
processes, regenerative and nonregenerative, and In the particular case of nuclEar
powered submarines only the regenerative type appears suitable, since volume require-
ments for nonregenerative systems such as lithium hydroxide become prohibitive for long
dives. The above criteria also apply in comparing regenerative systems among them-
selves, and in tlhe period during which this work was done power was considered much
more important than it i. today. For this reason research emphasis was on finding sys-
tems offering the possibility of power reductions over thb. e isir ethanolamlne scrubbers
with volume being considered important jut secondary. These scrubbers use solutions
containing 70-80 percent water which are boiled under pressure during regencration and
onoled to near room temperaLure for absorption. Although the latent heat of vaporization
and specific heat losses are reduced by the use of heat exchangers and sometimes by vapor
compression, they are still significant due to the high concentration of water. On this
basis the concept of using a solid in granular or sheet form seemed attrsctive. Figure 1
is t 3chematic of a typical ethanolamuine scrubber such as Is in use today on the USS
NAUTILUS (SS14571), and from this it can be seen that the most obvious sources of heat
loss are the condenser nod the cooler. Another point of interest in a solid system is its
possible lack of vapor pressure, which would eliminate the need of the air purifier used
to prevent odor and toxic effects.

The work which actuilly led to development of the present thermally regenerative
solids was concerned with finding a membrane which is readily permeable to CO. but
impermeable to N. and O0. The apparatus used to measure membrane permeabilities is
shown schematically in Fýg. 2. By valve manipulations the desired gas (CO, O, N.) can
be placed on one side of the membrane and a hard vacuum maintained on the other. The
mercury slug IF) shows the amont g-mi p._meetin undj-r these conditions. This tech-
niqto was oritinnl 2t NRT. tuit hI. qnt!ne. •s•oai in the ilt~ewrttue 11) a the rpsult of

NOTE: W. E. McConnaughey, General ,Dynamnics Corporation, Electric Boat tvtsion,
Groton, Connecticut
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Fig. 1 - A typical ethanolanoine sc.ubber
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Fig. 2 - Apparatus to meaa ar e membrane
perm-al.litie.: A - vacuum gage; B - frame
to hold test membranes; C - coarse screen
backing for test membranes; D - test mem-
brane; E - mercury trap; F - mercury drop;
G - calibrated glass capillary tube; H - Hoke".7�c;Z; - A-,•ua n pump

independent work. The NRL results have never been reported, but even natural rubber
which was found to have tae highest CO3 permeability showed Little promise for submarine
usý. A sheet only 0.001 inch thick requtres around 11,000 square feet of surface per pound
of CO. per hour, which Is considered excessive. Loss of Y-2 and O and probable large
vacuum pump requirements are also undesirable.

In the course oa the above work several type'- of membranes were prepared atf N'..L-
in an effort to incremse the CO 2 solubility and hence the perm 4lity. (PermeatitAty is a
function of the product oi solubitity and diffusivity.) f-igure 3 illustrates results obtained
which, while logical, were not anticipated. Teflon is representative of previously Lried
materials whica show a steady-state condition. The NRL resin, however, shows a
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Fig. 3 -CO permeability of Teflon and of an NRL resin

decreasing permcat-.n rate indicating failure to desorb on the evacuated side. Since this
resin was made by adding catalytic quantities of polyamines to a commercial opoxide resin,
it appeared that reactive amine groups wore present which held the COa too tightly for
vacuum release at room temperature. 'This suggested the possibility of using these amine
groups as the basis of a heat -regenerative CO. absorbent.

To exploit this possibility resins then were made with the intent of linking a large
number of reactive amine groups to an insoluble resin matrix, In contrast to the conven-
tional procedure of using onWy small quantities for curing purposes. Because such resins
could not be made directly in sheet form and because for experimental purposes mem-
branes are more difficult to contact with a gas qtream and regenerate by heating, subse-
quent work was aone witn granular materials.

Now, amine i.lymers ran be either liquids or solids, and for submarine use neither
form has unquesi joned superiority. Theoretically the ilquid would be best btecause it can
be used easily in a continuous prnep .- essy to hIpt, eonserves power by the use of
heat exchangers, and can be ased in conventionu gas absorption equipment. In general,
hovwe.-Z, 'quil; poiymers have two serious drawbacks--they are viscous and they are
subject to continuing polymerization producing solid insoluble products. For this reason
work at NRL was confined to the solid form ('amine resins"), although several liquid
polymers were made but not evaluated.

There are a great number of chemical ways in which reactive amine groups can be
linked to a matrix to farm a solid insoluble resin. For examp.e, a proposal submitted to
the Bureau of Ships in 1954 by Atlantic Research Co. suggested 20 possible syntheses.
Initially, however, a brief survey was made to determine whether any commercial resinous
materials were available which were known to absorb CO. and regenerate by heating. Two
such materials were found and examined, although both were liquids. The first was
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Rosin Amine D produced by the Hercules Powder Co. This viscous, high boiling (187 C-
2110 C at 5 mm Hg) liquid is a rosin derivative believed to be composed mainly of
dehydroabictylamine,

CH3  CCH1NH2

.CH,

The second material obtained was polyamide resin No. 100 produced by the General Mils
Co. by the condensation of dimerized linoleic acid with dimethylenetriamine. Preliminary
mea•urements at 1.5 percent CO2 for both of these materials in the form of impregnated
filter paper or vermiculite showed their absorption rates to be too low lo be of Interest.

The NRL resin had a much higher rate and capacity in the same preliminary measure-
ments and this was of itercz. for further study. Synthesis of other types of solid amine
resins was not undertaken during the course of subsequent work bccause (a) the NRL resin
was felt to be sufficiently representative to permit evaluation of the idea and (b) synthesis
of this resin was quick and ea.y with various polyamines. Of incidental interest was toe
fact that the structure was similar to ethanolamine monomers used in industrial gas
scrubbers (Girbotol Process), i.e., both are hydroxyl amines containing hydroxyl and
amine groups on adjacent carbons.

PREPARATION OF RESINS

Characteristics of NRL Resins

Preparations of amine resins by Mr. S. B. Crecelius' it NRL. were made in the same
gei•.ral way, that is by adding a polyamine to Epoit 5d2, a commercial epoxide resin.
rhis epoxide resin is one of a series of compounds sold by Shell Chemical (Corp. but,

unlike others in the series. contains no aromatic groups. It could be the condensation
product of epichlorohydrin

/\H
HC-C-C-CI

H HH

and glycerine

OH OH OH
I I IHC - C - CH

H H H

and has the following general structure:

HF H H H• E R

•-c- C-I0-C.--C - Cl - O-C-C-CH
N or arH nrraed n H

.Now at Economiuc Laborato~y Irn~orporated, St. Paul. Misn.
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As mentione! 1-arlier it is conventional to ýdd small amounts (3-5 percent) of aliphatic
polyamines to this liquid to make hard, durable coatings and cee, •nts. Few. if any, reac-
tivý amine groups are left in this case, and the intent is to obtain good Physical properties
and chemical inertness. As synthesized at NRL, however, much 1hrgo- amounts of the
same and other types of amines were added to obtain maximum reactivity with CO 2 . In

addition, a volatile solvent such as nylene was used with the intent of producing porosity
when it was evaporated. The following is an example of the type of reactions eccurring
during synthesis:

H H H
2H-C-C-R-C-CH, H N-CHW-CH_-N-CH-CH,--NH.,.

0 O

H H H H H H H
HI f--C-R-C-C--N-.C--CI r-C(ii-CH--N-C-C-R-C-CH,

I/ I H 1 I'
0 OH OH 0

or

H H H H
HC-C-R-C-C-N-C-C-R- C-CR-\ \/ i H I H I \/ )

o O Ol cH;"H 0

CH,

NH
I

CR'2

1 2

where R is

HF H H Hi H
-c- -C I -o-c-
"L 6HHJn H

From this it can be seen that chains of various lengths can be built containing primary,
secondary, and tertiary amine groups and that crosslinking is produced also. However,
as in ion exchange work (21, the product cannot be accurately characterized or exactly
reproduced.

In the preceding example, diethylenetriamine is used for illustration, but other poly-
amines were also used. The following is a list of those tried:

ethylenediamine H:NCH2 CHJNH2

H

dicthylzrctriamince RtNCH.CHNCR CT--•-N,

H H H

tetraethyienepentamine HNCH2CH• CH 2CH2 NCHCHC2 NC 2CHlNH2
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F
3,3'-iminobispropyla mine HNCH C'HCH 2NCH 2CHCHNH,

H
aminoethylethanolamine H NCH2CH2NCH2CH,0H

N

H2N-C C-N-Z

m'elamine N N

C
NH,

The one exception to this general method of synthesizing the resins occurred when the
reactants were tetraethylenepentomine and eplchlorohydrin. However, this would be
expected o give the same type of resin as a product.

For evaluation the resins were ground in a Wiley mill to 20 mesh while swollen, and
then sieved and washed In various ways which are described later. The iUnl products
were granules having varying degrees of hardness and susceptibility ta swelling with
water and organic liquids.

Procedure

h.bLe I gives the compositions of the resins studied. The following synthesis pro-
cedure for resin of batch 2 is representative of all but two in this list. The ingredients
were mixed with xylene in a flask equipped with a stirrer without external heating. The
reaction was exothermic and the temperature gradually rose to 60OC. After about Ydn-
utes of stirring the reaction mixture set to a resinous gel which was removed from the
flask and broken into small pieces. The material then was ground on a Wiley mill using a
20-mesh screen and evacuated overnight to remove the bulk of the solvent.

The two exceptions to this general procedure were batch No. 5 in which mel.amine
was reacted directly with Epon 562 with no xylene present aiid baLch No. 21 for vhich
neither Epon 562 nor xylene were used. In both cases it is felt that the product was of
the same type as ale cthers in the series.

Various methods of preparing the resins for evaluation were used initially, but for
most of Ui. work reported here the resins were steamed in tubes to remnve CO. and the
remaining xylene prior to use.

RESIN EVALUATION

Although both absorption rate and capacity are important characteristics for CO
absorbents it was felt that rate is the controlling factor for su-bmarlne applications. 

F
or

this reason, the various forms of NRL amine resins were screened on the basis of absorp-
tion rate under conditions similar to those of a submarine, i.e., 1.5 percent CO,, 70 0F, and
S-o=-_1 70 percent R.H. From these rate studies in which the effects of composition, water

content, and gas flow rate were determined a single resin was selected for e-quilibrium
(capacity) studies. Also, several side studies were mrriea out including cycle life, swell-
ing produced by nonaqueous liquids, and the effect of various preliminary washing agents.
For comparative purposes several commercial anion exchange resins were examined.
Details of these studies fc0-low.
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TABLE 1
Compositions of NRL Amine Resins

Composition

Batch mneAmine Weighti Epon 56.2 Wei~ght
No. Amine I 1 I Epoide

ir~ams oidos IGrams pxe

~Equivalentj-i Tetraethylenepentamine (TEP) 70 0.37' 140 1

2 Diethylenetriamine (DET) 103 1 140 1

3 TEP 100 0.53 140 1

4 Ethylenediamine 80 0.78 140 1

5 Melamine 126 1 140 1
6 DET 206 2 280 2

7 TEP189 '1 140 1

9 DET 206 2 280 2

10 3,3'-iminobispropylamine 131 I i40 1

11 DET 206 2 2• 2

12 Anlinoethylethanolamine f104 1 f140 1
13 Aminoguanidlne bicarbonate 136 1 j 140 1

15 TEP 280 1.48 560 4

16 ........................DE [414_ L! [--560 4
21 Made up of 203 parts TEP, 9201 parts epichlorohydrin, and

500 parts water by weight

Rate Studies

Apparatus - Figure 4 is a schematic of the apparatus used for absorption rate meas-
urements. The glass sample tube (E) was 2.5 cm in diameter sod was filled to a height of
15 cm, giving a sample volume of 75 cc. The entire apparattis was located in a constant-
temperature room maintained at 70'F, and the 1.5 percent CO, test gas was humidified to
around 70 perr~ent R.H. by immersing the saturator (C) in a 59OF water bath. This method
of humidification was used for all runs except one series in which the saturator w-- prr-.
surized at room temperature so that the humidity of the gas streamr -t atmospheric pves-
surz could be varied easily by changing the saturator pressure. T..•' ;:..rat-r (B) wa:.
used only as a flow indicator to avoid errors from varying back presiý -"qs and true flou
were obtained from the wet test gas meter (I). The drying tube (F) uas a ; zauun.a against
errors from water vapor and drops going through the infrared C-12 ,nai,... Z;'

Procedure and Results - The general procedure was to water-wash and steam the
resin after grinding and to pack the sample tube to a height of 15 cm by light tapping. Gas
flow rates varied but were adjusted to produce early breakthrough (detectable quantity of
CO, in the effluent) so that the apparent absorption rate was not limited ny the amount of
CO0 available. Excessive flow rates were avoided because as the effluent C02 concentration
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Aj LsjV
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Fig. 4 - Amine resin absorption rate apparatus: A - supply
tank; B - Ilowrator; C - saturatox tube filled with water-
soakt-d po> ous Alt:O3 beads in a constant-temperature water
bath; !3 - water manometer: F - absorption tube; F - drying
tube ;'5ied with Drierite; G - Liston-Becker infrared CO2
analyzer (Model 1); H - Esterline-Angus recorder; I - wet
test gas meter

apprcached the influent concentration, calculation errors became large. Absorption ra.tes
were calculated per unit of resin volume on an I-hour basis using flow rates and int'egratl.d
time-efficiency curves (inlet and outlet CO. concentrations vs time).

Effect of Type Amine Added - TAble 2 summarizes the absorption rates obtained for
a number of different amine resin types. Although one additional type (3,3'-iminobis-
propylamine + m-pon 562) was made, It was sot evaluated because of poor physical prop-
erties. In some cases several batches of a given formuilstion were made and gave
different absorption rate figures, and in these cases representative runs were selecteti
for Table 2. Comments on physical properties ar'c in terms of ease of filling sample
tbes and passing an air stream through the resin under the test conditions.

"TABLE 2
CO. AbsorpLur, Rate Versgos Composition of Resin

Batcn Absorption Physical
No. Preparation (mg CO/cc resln/hr) Characteristics1

4 | Ethylenediamine + Epon 562 -12.9 very poor
5 1 Melamine + Epon 562 On_ very good

9 DET + Epon 562 20.6 good

15 TEP + Epon 562 7.3 good
12 Aminoethylethanolamine -Fon 562 0.3 good

13 Aminoguanidine bicarbonate 4 Epon 5621 0 good

21 TEP + Epichlorohydrin + HlO _ 6.0 very good
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Effect oi Amine Content - The efIect of varying the ameu;,i of polyamine was studied
for one type of -amine resin (TEP ý Epon 562). The results from absorption rate measure-
ments. Karl Fischer moisture meap-uremerts, and visual examination are listed in Table 3.

Effect of Washing Agent - The resins after being ground contained residual xylene and
unidentified viscous liquids. Table 4 compares absorption rates ard physical character-
istics for material from one batch of one type resin (DET + Epon 562) that was unwashed,
washed vith methyl-ethyl ketone (MEK), and washed with water.

TABLE 3
CO, Absorption Rate Versus Amount TEP Used ii Rtesin Preparation

Batch Mol., TEP Absorption
No. Epoxdý Equivalnht (rg CO).cc resin/hr) Physical Characteristics

0.37 6.9 Tough, rubbery- swelled a bit in
wpter

0.53 8.7 Not quite as tough; swelled;
83 pe-cent water

7 1.0 27.7 Very soft and rubbery; 84 percent
- ______ water

TABLE 4
Effect of Washing Agent on CO:, Absorption Rate (DE*. * Epon 562)

Wash Absorption P(Wmg C0•/cc resin/hz') Physical Ciaracteris.ics

No wash 36.7 Rubbery, tended to stick together and clog
test tube, tended to set on heating

Methyl-eiliyl ketone 36.0 No significant stickiness or thermosettirg

Water 20.6 No significant stickiness or thermosetting

Effect of Water Content - Resins which were good absorbents showed considerable
swelling with water. Therefore the type showing the best absorption ,-tf in Table 2
(DET + Epon 562) was investigated for the effects ., ambient relative humidity and water
content. Samples of the same batch were placed in containers having constant, known
relative humidities and allowed to reach equilibrium. The results are plotted in Fig. 5
as resin water content vs relative humidity. Figure 6 shows the absorption rates of the
samples --- :, .iction off water content, with rate being calculated in terms of dry and wet
we:ights a.. well as volume.

Effect of Gas Flow Rate - A series of runs were made to verify the assumption that
the flow rate should be adjusted to give early breakthrough. Figure 7 shows the time-
efficiency curves at different flow rates for one batch of one type resin (DE r - Epon 562).
Calculated absorption rates and final absorption efficiencies (percent of inlet CO 2 being
removed at the end of one hour) are given in Table 5.
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Fig. 5 - Water content va relative humidity.
Resin: DET + Epon 562. less than -0 mesh
when dry.
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Fig. 6 - Absorption rate VS water content.
Resin: DET + Epon 562, less than 30 mesh
when dry.
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Fig. 7 -Absorption efficiency vs time at various
flow rates. Rebin: DET + Epon 562.

TABLE 5
CO. Absorption Rate of TEP + Epon 562 Versus

Gas Flow Rate

Flow Rate Absorption Efficiency After One Hour
n(co/m ) (mg/ce/br) (percent)

2000 7.2 9
1000 7.3 15

400 6.3 42

200 4.5 89

Commercial Ion Exchaoge Resins - For compara•ive putposes representative com-
mercial anion exchange resins were evaluated as to their absorption rate and regenera-
tion at 100'C. Three such resins were selected on the basis of their being representative
of weak, medium, and strong base materials. Table 6 lists the results along with those
for an NRL resin for cornparison.

TABLE 6
Comparative Performance of Anion Exchange Resins

Resin Type 1 Absorption Rate Regener-tion
(rag COi/cc resin/hr) (percent)

M-*.-45* Weak base 5.4 42

Permutit At Medium base 5.6 6

Naicite SAR I Strong base 26.9 6

NRL j DET - Epon 562 2,0.6 I 0
*From Rohm and Taa& C"., Resinous Prnducts Div., P•f-ia., Pa.

tFrorn Permutit Co.. New Yorl-. N. Y.

4Frorn National Alurninate Corp., Chicago, U1.
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Cyctir Life

Apparatus - Figure 8 is a schematic of the apparatus used to alternately expose amine
resin to approximately 1.5 percent CO. and to steam. Operation was continuous and com-
pletely automatic with an adjustable programmer controlling the following:

1. Pass air -ontaining 1.5 percent CO. through the resin samplz for 1 t-iur at
about 3 liters pe , minute.

2. Pass steam through a sz.mple bypass (to heat lines and clear them of con.den-
sate) for 3 minutes and then through the samule for 57 minutes.

Procedure - Resin from the same batch used in tne flow rate study (TEP + Epon 562)
was cycled 1008 Uimes. Ablsorption rate •neasurements were made with the previously
de.'cribed apparatus after the following number of complete cycles (absorption plus
regeneration,: 2, 5, 10, 20, 40, 82, 103, 190, 271, U89, 518, 6!2, 761, 1(108.

~IT F-

CD ---•-

Fig Arune resin cycling apparatus. shown during
the CO. absorption phase.

Results - There was no d&creasa I'n absorption rate wht-n figured or a unit volume
basis alter IG88 cycles or 2016 hours running. However, the resin became darker and
its total -l_,,np AerssPd ashnuf I r, nresot.

Swelling Agents

The water -contvnt study revealed that a considerable amount of water was required
for rm;aximum performance. Since the original idea was to reduce power requirements
by reducing the vapor'zation and specific heat load, It wae decided to investigate the pos-
sibility of using low vaoor pressure organic liquids to swell the resins. A siulple test
w.s devised to meas-rt the de•ret ui s, ilig produced fri, resin -turn the same batch
used in the water content study (DET + Epon 562•t 'The apriaratus c=nnisied of a



NAVA! RESEARCH LABORATORY 13

10-mm-rn glass tube having a rMlckel screen near one of the two open ends. The procedure
consisted of filling a column I inch deep with dry resin (, .05 percent water), adding a con-
sidsrable excess of swelling agent, and measuring the resin height after the liquid was
drained off in one or two days.

Ielection of swelling agents was made on the basis of their being llgh boiling liquids
Sepresentative of various classes of organic compounds. Low viscosity was considpred
desirable but not essential. Ketones and aldehydes were not tried, because in gzneral
they react with amines. Table 7 lists the various swelling agents tried and shows the
volume increase produced by each.

TABLE 7
Amine Resin Swelling Agents

Ratio of Final

C lass Name Formula to Final
Initial Volume Appearance

Water H1 O3.0 off-white

leohol n -oct..l alcohol CH,(CH,),CH•OH l20 yellnw

I CH~~(CH2 ICHOH
i Benzyl alcohol (D -CH2OH 4.4 yellow

Tetrahydrofurfuryl CH;-CH H 3.4 yellow
alcohol (.)5_ .C H

* Polyhydric .1hylene glycol CH2OHCHpOH 2.2 i yellow
S alcoholp

Glycerine CH 2 OHC"OHCH2OH 2.3 pale yellow

IEtLer 1-Hexyl ether CsHlsOC 5 H 1.3 I yellow

Dieihyi caroltol C.H.0CH4 OCH.OC.CH 5  1.0 yellow

iEther alcohol Triethylene glycol HOCHOC OC H 4.1 Ipale yellow

Butyl carbitol CHgCOCH2C l4OCHcCH•OH 1.2 yellow

Amine Monoethanolamine HOC2 IR.IR, 1.6 pale yellow

!Amide Formamide HCONH2  2.4 !pale yellow

Ester Triacetin C1,H(CO 2CH,), 1.2 pale yellow

Hydrocarbon Dodecarý CH.(CH,1),CH, 1.0 yellow
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Equilibrium Studies

Apparaus and Method - One batch of the type resin found beai in the rate studies
(DET..-Eponi 562) was used in all equilbrium work. The data sought were resin satura-

tions (gin CO./grn iesin) as a function ot CO 2 partial pressure, and the method used vas
to confine a known amount of CO2 over a known amount of resin at the desfrepd pressure
and temperature.

Figure 9 shows the apparatus used for the equi1.b:-,-.m measurements. Temperature
wa.s controlled and held constant by the indicated water or triethylene glycol bath. Total
pressure over the sample (E) was controlled by the mercury leveling bulb and measured
by the difference in mercury levels in the gas buret •B) and the manoms .ter (f.' .T proper

rnan~~~~~~priation~~~~ ~ ~ ~ -- huiwa tpmch''adki-iedeoftefe ufr lte sidt-arrn
(C) and sample bottle (EI it was possible to calculate CO. absorptiosi from inltlai and
final readings.

~~ A45%E- C S-5Eý

,3 I U H .
ITHI

Fig. 9 - Annne resin CO2 equilibrium apparatus

The above method was adequate for me2surements on dry resin, but for resin swelled
with water and organic liquids acditicnal measuremenls and corrections were necessary.
In tUe case of water-swelled resins, the total pressure consisted of the sum of water vapor
and CO, partial presiures. Therefore a separate determination of the water vapor
pressure-temperature relaticnship for the resin sample was necessary in order to calcu-
late the CO. partial pressure for a given total pressure. For the resins swelled with
orr.--mc ilCulds such a correctIon was not required Ice -a use of fle low vapO -Pinesuir CA
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the liquids used. However. since CO 2 solubility is much greater in organic liquids than
in water, and since no ý-table data werr available in the literature separate determina-
tions of this property at various temperatures were made.

Results - The results are given on a weight basis bec-ise of the variatiors in sample
tube size and packing density.

Dry Resin - Resin containing less than 0.05 percent residual water showed nio signifi-
cant absorption (K0.4 Mg C0 2/gm resin) in 24 hours either at 200C or 90 0C under a CO2
prcessure ol 1000 mm Rg.

Water-Swelled Resin - Resin containing 4b t3 percent water was selected for
equilibrium measurements from the results of rate vs water cmntent studies. Figure 10
shows the water vapor pressure over this resin as a fio-ction of temperature. Free water
is also shown for comparisor,. Figure 11 is a plot of CO2 equilibrium data for this resin
obtained at five different temperatures. Again for comparison water is given also. Since
the water vapor press-re of the resirs is not affected by C0,, a coistant value is shown
with the temperature for each curve.

%\

I-

I- -

20 CZC 331,

Fig. 10 -Watex vapn.r prc ssu c v s ternper
aturr ior rmine resin containing 45 pe.-cent
'cateý (DET + fEpon 56Z)
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i I 1/
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EI

2 D UU

0 ý'o 2 30 460 1 80 90 '0"

C O,, AbSORO.C jra jM "'•,;

Fig. I1 I CCý equilibrium curves for amine .-esto* containing 45 V~rcant
water (DET +, Epon* 56;). (Water vapor prtssure in equilibrium with
amine resin given in parentheses for each temperature pluttcd.-,
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Organic-Liquid Swelled Resins - rrurn the study of swelling agents !Table 7) three
liquids were selected for use in equilibr'.im measurements. Figures 12, 13, and 14 show
CO. equilibriz for formamide, Triethylene glycol, benzyl alcohol, and their respective
swelled resins at soweral temperatures. It s'ould ibc noted that the CO. c.-:nats of the
resins are given in terms of weight of dry •c•ci4, so ihat direct numerical comparisons with
the water-swelled-resin curves in Fig. 11 cannot be uade. For comparlson, however, data
for one of the latter type resins are plotted on dry basis in Fig. 14.

Fig. I1Z - GO, equilibrium curves fur
•ormainude r nd ht -mamids-sweiled

o 20 40 6C 80 o0
MG CO2 /g9m DR RESIN OR FAMrWIVE

ERIETHYLENE
. GLY.COL.

Fig. 13 - CO ecqilibriumn curves for .0 -

triethylene glycol and trieLhyleme-
glycol-swelled resin

o 20 40 W0 60 50

MG C0, '40 CRY RESN C•'I ET•YLENE GLYCOL

"VSC

,qS~c 130.;]

/36%IESN.4~% 2
BEZLC-L 55 % RESN 4 45% H20O

-6 400.Ifi /arc

/: -/ /I/
0200 - 36%RESVS*4- j/ 4ENZYL AloOL ,e5% ýEs..

3 20 40 60 o0 .00 ; '0 40 6C
MG CO2 /am CRY RESN OR BENZYL AýCONOL

Fig. 14 - CO, equilibrium curves for benzyl alcoha.
benzyl-alcohol- R-elled resin, and water-swelied resin
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DISC USSION

As stated earlier the particular type resin used in this study was selected on the basis
of being representative and easily made. It wns felt that developing the optimum material
was secondaiy to a determination of the general CiaracLerioaics ,und the potentialities of
such materials for submarine use. However, a broad synthetic program would be very
desirable to obtain the best physical properties and performance, if the basic idea is felt
to be of interest. Areas to be studied in such a program include (a) type of reactive amine
groups (primary, secondary, or tertiary) producing largest effective capacity, (b) mnethods
of increasing the ratio of amine g.roups to resin matrix, (c) optimum cross linking to obtain
the best compromise between absorption rate and physical properties (hardness, degree of
swelling, lack of tackiness and cold flow), and (di) effect of composition on chenflc.ii and
thermal stability. An example of Wdl is the possibility that tertiary amine groups on a
relfn matrix w111 Inhibit oxidation of primary groups, analogous to findings for amine
solutions (3).

It is generally accepted ihat for ion excharge resins the exchange rate is a diffusio,1
controlled process, i.e., the chemical reaction is very rapid. Since it is now believed
that "amine resins" are rep.lly anion exchange resins of a type suitable for thermal
regeneration, it is likely that the same diffuslonal concepts apply. Fromn the s'andpoint
of absorption, therefore, physical form and swelling agent properties, particularly vis-
cosity, are probably of primary importance. For regeneration, howc'.'cr, the character
of the reactive amine groups is probably controlling, since this woold be expected to
affect the CO, equilibrium partial pressures and hence the ease of regeneration. Figure 15
Illustrates the difference between monomeric primary and secodary amines with the
secondary type, diethanolamine, being easier to regenerate. Such a difference is probable
for resins also.

Rate Stud.eS

The rate studies represented a restricted effort tc, obtain the best form of one type of
amine resin for further evaluation and to obtain reference data on commercial ion exchange
resins. In view of the many difficulties in perfecting techniques for resin preparation and
measuring absorption rate it was considered neither feasible nor desirable to study a large
number of compositions. Data obtained, while indicative, is not conclusive because of
variations between batches of the 3ame resin. Batch %ariations are normal in resin work,
but they were larger with the particular resin used bttause of the random formation of
primary, secondary, and tertiary amine groups as well as linear and crosslinked molecule~s.
Therefore, conclusions based on small differences between sLingle batches are questionable
but are valid where a number of repeat batches were made (DET + Epon 562, TEP + Epc>n
562) or where the ratas were much lower (TEP + Epon 5,%l, ar.dnoethylethanolamine
+ Epon 562, aminoguanidine bicarbonate + Epon 562, melamine + Epon 562). The data In
Table 6 for commercial ion exchange resinswerstakeriat the tme to indicate the unsuit-
ability of such materials for a temperature reg•,,erative cycle. However, it is now fett
that, while this is undoubtedly true of quaternary ammonium compounds such as Nalcite
. ..R, the -eak ba":rcslIn -45 p-L-Wy showec: a poo. absorption rate because of its
degree of crosslinklng. Its incomplete regeneration may have resulted from the formation
of more stable urea-type ring compounds. Use of a difierent polyamlne in its synthesis
would prevent this.

The resin (DET + Epon 562) which has the htivhest ..-ate Ln Tabie 2 was selected f~r
equilibrium work because U1 was considered to be thn best compromise between perform-
ance and rhvsical properties after being effectively washed. Tahl 'I shows a__-,__ernt
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Fig. 15 - CO, equilibrium curves for two
monomeric arninea (from J. W. Mason
and B.F.,Dodge, Trans. Am. Inst. Chemn.
Engrs. 3Z:27. 1936

resin having a higher rate bu' unsatisfactory physical properties. rable 4 shows a much
higher absorption rate for the qame resin when water soluble materials are not washed
o-t It is not known wvhat these materials are since methyl-ethyl ketone (MER) is a solvent
for both of the Ingredients. DEH and Epon 562. Evaporation of the wash water leaves a
clear viscous liquid which may be of interest as a CO. absorbent itself.

The effect of water content on the resin adsorption rate (Fig. 10) appeart to have a
logical explanation. As stated above the absorption rate is probably a diffusion controlled
process. Since the diffusion of gases is more rapid through liquids thar through solids,
increasiog the amount of water would be expected to increase the rate, if the mvAn restste(ie
is t-- tie r•anrles A, suggested in Ref. 4. A possible explanation for the shape of the volume
and wet weight curves is that iWitially the addition of water increases the pc e size with
a resultant increase In gas phase diffusion. Eventually the pores would fill with water,
necessitating more of the slower liquid phase diffusion. The zero rate in the dry condi-
tion may be due Zo the fact that the carbamate formation necessitated in the absence of
water does not occur at such 10W CO2 partial pressures. However, later equilibrium
studles with resin swelled with nonaqueous liquids indicates that while the rate may be
very low the reaction does occur.
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Cyclic Life

Cyclic lift s-udies were made on a resin having improved physical properties at the
expense cf F.bsorption performance. Hc-vever, results are still applicable to related resins
and show that there is no significant chemical degradation in 2016 hours running on a steam
regenerated cyc'-. The ! 1F-pcr;c. losas it Ltou volume may result from a low order of
water soluc.liiy or from decrepitation. Oxidatior stability apears good, sii-,ce the resin
was contacted with air half the time- including recurrent periods when it was hot follow-
ing staiaming. Since dry make-up resin eould easily be added, resin life appears quite
satisfactory.

Swelling Agents

Table 7 shows that the most effective swelling agents were benzyl alcohol, tetrahydro-
furfuryl alcohcl, triethylene glycol, and water. Examination of this table and Table 8 whi:-h
lists avallable, physical properties reveals no obvious basis to- predicting the effectivenes..
of organic liquids for this use except for ethers and hydrocarbons. Representatives of
these two classes produced no detectable swelling.

TABLE 8
Properti.,s of Rltein S'Ncllvtg Agentts

Bp ~~Dielectricj Di
c Pre s Ng Co at 20Co -Dipole Heatv o p JIt MolecularS ~ q ante aO~ (mm Jig) Mto metccn

20'c 10O'c
2 0Ci I o s t n O f M o m e n i l g nt W e i g h t

Wa 100 17.5 1780 81 1.0 84 40 1.00 18

Aicohol ncy
lcohol , 195 3.4 8.9 1.7 97(196l C) 130

Benzyl I I
alcohol 205 1 5 13 5.86 I12(204*Cl) 0.51 108

Tetrahydro- Iturturyl lr [
alcohol 102 5•

attoot '(1 J______ I 5.5

th, eI oyvleh, -tyln I••; • 0.i [4 o . lL9l7TCJ[ 0.57 6
Glycerine 290 0.2 42 1499 1.7 IDS 0.57 92j

Ether ioexy I . L
ether 220 0.07 1 6 8

Dter~ iethtyle I I
Scarbit-1 189 10.4 16

r ealcohol gilycot 287 0.01 0.4 0.80 150'

flty I
carb-tol 230 tOS IL °

Aishi rnoneha- 170 0.4 42 25 i..i 1i
8  

0.50 6

Amlite Formarnide UAWIJI 84 3.4 I0-55 ] 45j

Ester Triae ctin, 259 f | 15.1

Hydrocarb~on[ý Dodcan (1i .t i2i t. ' 5 j 7
-- ---L.. . ..
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The thrL nonaqueous l.,quids selected for equllibriumo studies were benzyl alcohol
anti triethylpne glyc'l on th- basis of their svieilhig effectiveness and lormamide or. the
,-..A'._ ýf its low viscosity.

Equilibrium Studies

Results for dry resin confirmed the ratte study finding that in the unswelled condition
there is no slignificant amount of reaction between CO2 and the amine groups present in
the resin. Such a reaction should occur ana'~ojus to that betwern at amine a'4 CO2 to
form a carbamate under anhydrous conditions. This has been demonstrated at this Labora-
tory for diethanolamine under high part1a! pressures cf C .hz ;z•az-in in that case is

CO2 + 2NH(CH2 CH 2OHI),- (HOCH2CH,), NCOOH • NH 2CH2 OH)2

The explanation appears to be physical in nature, since the same resin when swelled with
an organic liquid has a definite equilibrium with CO. (Figs. 12, 13, and 141 although still
under anhydrous conditions. The previously suggested explanation of inadequate pore size
may be correct, but it requires that All or nearly all of the amine groups be located in
pores anc, not on -1- gra-uL sot .*e.

Figure 14 compares equilibria for aqueous and non.aqueous swelled resins at tempera-
Fires representative of absorption and regeneration. Waler-swelled resin is superior from
the absorption standpoint and resin swelled wlth benzyl alo•hol is superior from the
regeneration standpoint, i.e., has a higher CO. pý -ssure at a given saturation. From an
equilibrium standpoint the net capacity in a sut ... e cycle would depend primarily on
the regeneration conditions. The fact that the nonaqueous curve lies to the left of the
aqueous curve at both temperatures can be explained by the fact that tertiary amines
cannot form carbamates and thus "•e not available to combine with CO% In the case of the
nonaqueous swelled resin. The fict tkat the relrtive positions of the curves change with
temperatures probably results from the different reactions involved. Thus for an amine
in the presenc ? of water the absorption of CO. can be illustrated by +he following reaction
for a spcondary amine:

2PiNH +H•O + CO2 - (R2 NH),)CO1A

Ur er anhydrous conditlans the reaction would bh

2RýNH + CO,ý:lR,NCONI.R,

A factor of g.e'-t praetical !mportance is the absorption rate. Although it cannc• l6,
seen in Fig. 14, thb tVme to reach equilibrium was much longer for the, resin swelled with
benzyl alcohol, ana to determine the part the swelling agent might play in a diffuslonal
process the follov ing equations from Refas. 5 and 6 was used to calculate comparative
liquid dlffusivitiea vith CCM +:

S. /1+ AI/2
5• ½.
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where

S- diffusion coefficient (cjai/sec6

B - universal Moiistant

" - nwolecular weight

A - abnoirmality constant

z - ýolvent viscosity (cps)

S V 1/
3  

* V_1
3  where V is the volume of 1 mnn of the gas Or liquid at

Ithe bc'i I 4 p, •i t.
tjg appropriate ftgure- in this

Tabie 9 gives compftrative results obtained by substituoqivlty agrees with obser,-'tions
equation. Tlhis arrangement in order of decreasing dif,, resins required around one hU-r
made during equilibrium measurements. Water-3welloe lycol required about a day. While

to reach equilibrium but resins swelled ttriethylenO reffusivtty i- included for corn-
resins swelled with ethylene glycol were not studied, 1i
parative purposes.

TABLE 9 ling Agtnts

Diffusivities for CO. in Resin Se

Relative
Diffusivity pDiffusiVityL~quid (em /sec)

(cm'aec) 1.00
Water 8.12 0.38

Formamide 3.08 015

Benzyl alcohol 1.20

Ethylene glycol 0.88

Triethylene glycol 0.37

.,ria for water-swelled amine
Comparison of rigs. 11 and 15 shows that CO. equili onomeric amines such as mono-

resins are of the same type as for aqueous solutions of 0ýot unexpected but could not
ethanolamine (MEA) and diethanolamine (DEAl. This Is d structure of the raslns.
safely be predicted because of the complex composition O

Submarine AppolAionf saving power by eliminating

The original interest in amine resins was the poseii,-.restS were elmination of ouorvwater as a major cuiMttuent of amine s-!rubbers. Other 91Ocess simpl-fication by the
and toxicity problems rerIltalg .rtom amine volatility and •anyses, etc. The concept of

elimination of liquid level controls, liquid puraps, swluthoh be regenerated by moderate

a solid absorbent analogous to lithium hydroatWde which CSp does. However, the fact that
heating and/or evaluation sounded quite attractive -and s r bed the picture on their use,

amine resins do not absorb CO• when dry considerably alto1 scrubbers emphasized the
and a later acquired familiarity with aqueous amine solutl~e amounts of water.

power disadvantages of a solid system still containing larr-
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In an effort to better visualize power requiremtnics -4th various cmbinations of heat
and evacuation, data given In Fig. 11 were used to calculate relative amounts of water and
CO, removed during regeneration under equilibrium conditions. The results are given in
Table 10, where !t can be seen that a large amount of water is vaporized ever. under the
best conditions (950C). Although this compares favorably with a typical MEA scrubber
which in at least one Navy design has a regeneration-gas eomposition of about 3 percent
CO 2 and 91 percent H20 (by vol',me) at 140 C. this is offset at least partially by the non-
recoverable specific heat content of the swelled resin.

TABLE 10
CO, and W.O Cateni of Resin Regeneration Gas

Average Cumpositilon

I Te~nperature Pump-Off 
Vo Gl R

(0C) (mm Hg) oWt Vol O

F 95 T 561 [35!165} 18 82

'10 205 '21 10It 90{ 45 [ 6 123 79 11 8

*Calculated from Fig. It under following

assumptions:

1. Each operating cycle removes between 10
and 50 mg CO2 per gm wet resin.

2. The partial pressure of water remains con-
stant during regeneration.

3. There is no pump-off until the regeneration
temperature is reached.

4. The pump-off pressure is water vapor pres-
sure, but gaz composition is determined by
equilibrium.

Several methods of using amine resins have been considered. In granular form a
system analogous to desiccant dehumidifiers (silica gel, activated alumina, etc.) can be
visualized using 2 or 3 beds which alternately absorb and regenerate. Under submarine
conditions, however, regenerative heating is difficult because a sweep gas cannot be u,.d
and heat transfer in a granular bed is very poor when hairpin or surface heaters are used.
Although dielectric heating is one way of unflimly heating a solid, it aptears unsuitable
here because of its power conversion inefficiency, bulk, emission of stray radio-frequency
energy, and close electrode spacing.

infrared heating is another possibility where shallow beds are available. A possible
system is to use the resin in a rotary vacuum dryer containing high-temperature infrared
sources operating around 250f

0
K, e.g., tungsten filament lamps. Such a dryer rotates

around a horizontal axis, tumbling the granular material to continually contact fresh
material with the healcd cylindrical sides while a vacuum is applied. In this application,
however, the interior might be coated with a good infrared reflector such as gold and heat
supplied to the continually changing resin surface by the infrared emitters. If the dryer
were of evacuated double wall conrstructicn and the Interior walls had minimrm- wtw0s,
equipai=.'t ".iat Iosseb ýiouid be small. Absorptiorn couid be carried on advantageously in
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the same equipmen~. tir a stream of air could be passed axilsiv through the diryer whilp
it was rotating. thus piroviding good contact between gas stream arid resin at Very 1ittle
pressure drop .A posý.ible power advantage of such a system is that the CO, to H-0 ratio
might improve under rate controlling conditions, i.e , CO, might desorb faster than water

Another phtysical lorm wt'ch has been considered Is sheets or membranes. A possible
system in this case is a continuous moving shect similar t- a roller towel. Ii~ghi intensity
intrarart ener;'; J'ud le supplied to both sides of the sheet while passing through the 'box"
for rapid regeneration. and absorption can Occur during the period outside the box. How-
ever, using the absorption rate for the best of the resins studied MDET - Epon 5621 and
assuming a sheet or belt hoving a thickness and surface equal to 20 mesh spheres close
packed it can be estimated that for 100 men and a 10-minute cycle a bolt 3 feet wide by
1500 feet long traveling at 2-1/2 ft,'sec is required.

The use. of roqins swetled with orai li-'-.M npreAcs, 2 sudesE-abie "or several reasons.
First, the absorption i ate is quite low, at least with the iiqulds tried. Secon~d, in spite of
their low volatility thf-y introduce potential toxicity problems as ir. tne case Of monomeric
amine solations. rinalty, due to the nature of the equilibria determinied-which are believed
to be representativeo-a low total pressure is required during regeneration to obtain a suf.-
ficiently low CO, partial pressure. With watcr systems this is not necessary berause the
eater vapor acts as a sweep.

SUMMARY AND CONCLU3IONS

A solid, temp 'rature regenerative CO. absorbent has been studied withr regard to its
feasibility for submarrine air purification. A number of resins synthesized at NRL were
used as being representative of a typo of anion exchange material designated as amine
resins. Variables studied included composition, type and amount of swelling, method of
preparation, and test conditions with evaluation being made in tern. s of !ibsorption ra te
and equitibria at various temperatures. Consideration of jxie:ent amine solution scrubbers
leads to the conclusion that althoJugh aniin resins aro feasible for subm arine CO, removal
use, they do not appear promising in processes so far visualized. The use of a swelling
agent is necessary which in the case oi water results in siza' 'e vaporization power require-
ments :o,.m tn the case oi nonaqueoas liquids introduces toxicity ronsiderations. and vacuum
requirements.
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